A set of gyrotron experiments using a waveguide cavity with ten slots cut through the cavity wall have been conducted. The gyrotron used a magnetron injection gun operating at 65-75 kV and up to 10 A in 1ps pulsed operation. Both open configurations, where the radiation can partially leak out of the resonator through the slots, and a configuration where the radiation is trapped by a foil sheath wrapped around the outside of the resonator, were used. The observed power levels, in the ten kilowatt range, were lower than the power generated an unslotted cavity. The foil sheath configuration produced an interesting result with nearly continuous frequency tuning observed in the frequency range between 186.3 -200.6 GHz (7.47 -8.04 T). The frequency pulling due to changes in the magnetic field at the cathode or at the resonator was significantly larger than has been typically observed in an unslotted cavity. Frequency tuning due to changes in the parallel electron beam velocity was observed. This device may have applications in the development of an electronically tunable gyrotron source.
INTRODUCTION
The present experimental research was conducted as part of an effort to obtain strong, second harmonic gyrotron emission at high frequencies. The use of a resonator with a slotted wall was investigated as a means for favoring a specific second harmonic mode with the appropriate azimuthal symmetry while suppressing nearby fundamental modes of different symmetry. The resulting experiments did not yield any significant second harmonic emission. However, the gyrotron with a slotted resonator yielded a surprising and novel result, namely, wide range tuning at the fundamental. Those results are reported here.
In gyrotron research, only a small number of high frequency harmonic experiments have been conducted. In the Soviet Union, the highest harmonic frequency result has been 1.5 kW at 326 GHz 1. Narrow bandwidth second harmonic emission ranging from 209 to 302 GHz, with a peak power of 25 kW at 241.0 GHz, has been previously observed at M.I.T. 2 At higher frequencies, it becomes more difficult to excite harmonic emission. As the frequency increases, the mode density also increases thereby making mode competition more severe. Since the fundamental modes tend to have lower starting currents than the harmonic ones, mode competition between fundamental and second harmonic modes is a more dominant issue than the competition between neighboring harmonic modes. To prevent the fundamental from being excited first and suppressing the second harmonic modes, powerful fundamental mode suppression techniques are needed.
Successful excitation of second harmonic modes at high frequency requires that a technique be found to suppress the fundamental modes and leave the second harmonic modes relatively unperturbed. In these experiments, we used a simple, tapered waveguide cavity. This cavity consists of a straight section of circular waveguide with a linear downtaper at the electron beam entrance (or input) end and an uptaper at the output end. The quality factor, Q, of higher order axial modes can be reduced in such a cavity by shortening the input taper, so that these modes are no longer cutoff and will have large leakage losses. To perturb the q=1 fundamental modes, a technique using axial slots was investigated in this research. Equally spaced axial slots were cut along the straight section of the cavity at the azimuthal positions where the second harmonic RF field has a minimum at the wall. This leaves second harmonic modes of the proper symmetry relatively unperturbed. These slots were designed to be half way between consecutive azimuthal maxima. If a second harmonic mode can be found that has a different symmetry from the surrounding fundamental modes, the fundamental modes will be highly perturbed. This is a result of the fact that not all of the slots will correspond to fundamental RF field minima at the wall. This technique has been used successfully before in fundamental mode experiments with a magnetron injection gun to suppress competing fundamental modes ',.
In those experiments, however, only two slots were employed, consistent with the lowest order of azimuthal symmetry, m=1. The present experiments use ten slots (m=5, 10, 15 ...
The use of an electromagnetic structure consisting of a resonator or waveguide with vanes has been previously investigated in gyrotron research in connection with the cusptron 5 ' 6 , gyromagnetron 7 and gyro-peniotrons. These devices all utilize an axis encircling beam with a guiding center on axis. The present device differs in that the guiding centers of the beam produced by a magnetron injection gun are arranged along an annulus. The present cavity is also more highly overmoded than in previous work.
In this paper, three different slotted resonator experiments will be discussed and compared to the results of an unslotted resonator. All of the resonators had similar cavity dimensions. Two of the slotted resonator experiments used open resonator configurations, where the radiation was able to propagate out of the slots. The radiation which escapes through the slots is expected to bounce around the tube and be absorbed.
Initially, small slots were cut in the cavity wall ("small slots" cavity). However, when no harmonic modes were observed, larger slots ("large slots" cavity) were cut to increase the fundamental mode leakage. In the two open resonator configurations, harmonic emission was not observed, so a third slotted cavity configuration was explored. This configuration had a foil sheath wrapped around the outside of the resonator to decrease the harmonic power leakage out of the slots. As the slot size increased, the density of fundamental modes also increased. After the foil sheath was added the increased density of fundamental modes became more apparent and nearly continuous frequency tuning was observed in the frequency range of 186.3 -200. 6 GHz. The frequency pulling was significantly larger than is usual in unslotted resonators, indicating the possibility that gyrotrons can be used as tunable sources.
The organization of this paper is as follows. The next section will discuss the conventional resonator theory, as well as a vaned resonator theory to account for the effects of the slots. In section 3 the experimental setup and cavity design is outlined, and section 4 contains the experimental results and analysis, followed by the conclusions in section 5.
THEORY
Since all of the resonators used in these experiments are weakly tapered and cylindrical, the excited modes can be modelled using the TEm,,,,q modes of a circular cylinder.
The subscripts m, p, and q represent the azimuthal, radial and axial indices respectively.
The oscillation frequency of a TEm,,,q mode is given by' 2/C2= 2 = k2 + (1) where kg = 2q/L4f for a Gaussian axial RF field profile in the cavity, ki = vmp/R., R, and Leff are the cavity radius and effective interaction length, respectively, and vmp
In a gyrotron, an electron beam loses energy to an RF wave in a resonator near cutoff (kc > k 11 ). The coherent radiation produced has a frequency approximately given by the resonance condition of the gyrotron instability However, when axial slots are cut into the cavity wall, the frequency is perturbed.
The theory of a vaned resonator has been used here to relate the perturbed frequency to a TEm,p,q mode of a slotted resonator to that of a cylindrical, unslotted resonator.
If a foil sheath is wrapped around the outside of a slotted resonator as shown in Figure   4d (this configuration will be discussed further in the next section), one can see the resemblance to a vaned resonator configuration without a center conductor. A theory can be developed to model this configuration as a ten vaned resonator, as in a magnetron resonator whose center conductor radius has been set to zero. One can relate the vaned resonator modes to conventional, smooth wall cavity modes by showing how the frequency varies with slot depth down to zero slot depth. The frequency corresponding to each value of r is calculated in the following fashion.
The admittance of the interaction region is calculated as a function of frequency. Then we calculate the admittance of a slot as a function of frequency and apply the boundary condition that these admittances must be equal at the slot-interaction region boundary (denoted in Figure 1 as the dotted line cd). Due to the symmetry of the system, applying this procedure to any slot will give the same answer. The admittance of a slot is given by 10
and the admittance of the interaction region, Yj,', is . e, Nh (sin]7O 2 Zr(kra)
with
J=( krc )
N,(kre)N~(P where J,, J, and N 0 , N, are Bessel functions of the first and second kind, k is the wave number, h is the length of the anode or center conductor, r, is the radius of the center conductor, and p., and e, are the permeability and permittivity of free space, respectively. The parameters p, r. and 9 describe the geometry of the interaction region, a and b are the radii of the top and the bottom of the slot region and 0 the angular slot width. All these quantities are shown in Figure 1 . The value for k is determined by setting the admittance of a slot Y, 10 , equal to that of the interaction region Yi,t at the slot boundary (r, = a). The frequency for each value of n', is then calculated from k using the free space dispersion relation, equation ( To test for the existence of new modes, the slot depth was reduced to almost zero in the code. At zero slot depth the vaned resonator modes can be related to gyrotron TE modes. When the slot depth was reduced to b/a = 1.01, the agreement between the vaned resonator mode freqnencies calculated by the code and the theoretical frequencies of the gyrotron modes for an unslotted cavity was quite good, with discrepancies that were less than 0.5 %. This result suggests that no new modes were created when the slots were added, instead, the effect of the slots was to perturb the frequencies of the unslotted cavity modes.
To facilitate a better understanding of frequency changes caused by the slots, the change of mode frequency with increasing slot depth was studied. Figure 3 shows the frequency as a function of slot depth for seven modes. These modes have a frequency in the range 185.9 -201 GHz at the slot depth b/a = 1.94 corresponding to the configuration of the large slots cavity with a foil sheath. Generally, the frequency of each mode decreases with increasing slot depth, since the effective cavity radius is increasing. In certain limited regions, however, the frequency does increase with slot depth, presumably due to slot impedance effects. Since the rate of change of the frequency is not the same for all the modes, several modes may converge to a small range of frequency at a specific slot depth. In our example, seven modes (Table la) have frequencies in the range of interest (at b/a = 1.94), instead of four as predicted by conventional cylindrical resonator theory (Table 1b) , with b/a = 1.0.
EXPERIMENTAL SETUP
This experiment was conducted using an existing experimental setup that is described in more detail in Temkin et al'. The electron beam was produced by a Varian pulsed magnetron injection gun 1 4 , which has a maximum current of 10 A at 73 kV and a pulselength of 1 -2 psec with a 4 Hz repetition rate. After leaving the gun region, the beam propagates through a region of magnetic compression to increase the fraction of perpendicular velocity in the electron beam, before it enters the resonator. When the electron beam leaves the resonator, which is in a region of constant high magnetic field, the beam travels along the magnetic field lines and is deposited on a copper collector.
The DC magnetic field was produced by a water cooled copper Bitter magnet. The microwaves propagate from the cavity to a fused quartz window, which is the vacuum-air boundary.
The experiments discussed in this paper correspond to four cavity configurations.
In all of the configurations the resonator dimensions were the same and had an inner radius of 0.293 cm. The first resonator was designed for second harmonic operation near 400 GHz and had a theoretical starting current of about 2 Amperes for the TE 8 , 5 ,1 mode. After the unslotted cavity experiment had been conducted, a second resonator was made for the slotted cavity experiments. In order that the slots could be cut into the wall more easily, this resonator was a two piece assembly where both parts were machined to fit tightly together. One part contained the input taper, straight section and a small section of the output taper and the other part contained the rest of the output taper. In this fashion it was fairly easy to cut the slots into the straight section with a small circular saw. The slots were cut from the output taper end toward the straight section, stopping at the input taper.
In order to suppress the fundamental modes with the axial slots technique, a harmonic mode with a different symmetry than the surrounding fundamental modes is needed. Fivefold symmetry describes a situation where the azimuthal index is 5n (ie. the mode has 10n maxima at the wall), and n is a nonzero integer. Therefore a resonator with 10 slots would not perturb this mode very much. In the case of this particular mode the same is true about a 20 slots system. The TEio, 4 , 1 was chosen as the design mode since it had the second lowest second harmonic starting current (the TEs, 5 , 1 had the lowest) and a different symmetry from the surrounding fundamental modes. In this experiment, 10 slots were cut in the straight section instead of 20 for reasons of structural integrity.
The cavity is shown in Figure 4b . The unslotted case (with the TE 8 , 5 , 1 mode) is shown in Figure 4a . The slot width in Figure 4b was chosen to be 1/3 of the distance between consecutive maxima of the TE 1 0 , 4 , 1 mode, resulting in a slot width of 0.033 cm. This cavity will be called, in this paper, the "small slots" cavity.
Larger slots to further weaken the fundamental modes were also used ("large slots" cavity). In the region of magnetic field between 7.6 and 8.2 Tesla, the second harmonic TE 5 , 6 , 1 mode, which also has five-fold symmetry, has the third lowest second harmonic starting current. The TE 5 , 6 , 1 has a minimum theoretical starting current of 4.0 Amps at 7.73 Tesla and oscillates at 387.3 GHz. Since this mode has 10 maxima at the wall, the same resonator can be used as in the previous experiment. The slots could now be made twice as wide, and were cut to a width of 0.066 cm as shown in Figure 4c .
EXPERIMENTAL RESULTS
In this section the experimental results of the four configurations -unslotted, small slots, large slots, and large slots with foil -will be presented and analyzed. When the unslotted cavity experiment was conducted, the second harmonic design mode, the TEB, 5 , 1 ,
was not observed. However a lower frequency second harmonic mode, the TE 8 , 3 , 1 , was observed at 290 GHz. Above this frequency, the fundamental mode spectrum was very dense due to the presence of the higher order axial modes (q = 2,3). The lowest order axial modes, q = 1, had power levels of 28 -47 kW and efficiencies of 5 -22 %. From these data, it followed that at higher frequencies, one could not successfully excite second harmonic emission by designing a cavity so that the harmonic mode existed in a gap in the fundamental spectrum. Therefore, to excite high frequency second harmonic modes, fundamental mode suppression techniques were necessary.
As discussed in Section 3, to suppress fundamental modes, axial slots were cut in the cavity wall. In the first slotted cavity, small slots were cut. When this experiment was conducted, the fundamental modes were weakened. In the unslotted cavity case, the TE 6 , 2 , 1 mode, which oscillated at 191. 7 Some of the efficiency reduction is likely due to the azimuthal standing wave field in the cavity, which results in some electrons passing through the null in the field amplitude.
No harmonic mode emission was observed.
To further weaken the fundamental modes, larger slots were cut. The results of this experiment were similar to those of the previous experiment, in terms of the observed power levels, and we conclide that the wider slots are not causing any further weakening of the fundamental modes. Again, no second harmonic mode emission was observed.
To check whether the slots were still allowing excessive leakage of the second harmonic modes, and were therefore allowing the fundamental to suppress the harmonic modes, a foil sheath was wrapped around the slotted section of the resonator, as shown in Figure 4d . The foil acts as an impedance short at the end of the slots and reflects the radiation that has leaked into the slot back towards the center of the resonator.
Again, after the foil sheath was installed, no second harmonic emission was observed.
The absence of second harmonic emission may be explained by the fact that the slots could be significantly decreasing the second harmonic diffractive Q. Therefore the ratio of the second harmonic to fundamental total Q, QT2/QT1 (the subscripts 1 and 2 refer to the fundamental and second harmonic respectively), might not have been increased enough to allow the second harmonic modes to be excited first.
With the foil sheath, higher power levels were observed for the fundamental modes.
Power levels of 15 -19 kW with efficiencies of 5.0 -9.3 % were observed at beam currents of 3.0 -4.7 Amperes for modes with frequencies ranging from 170.7 -205.7 GHz. Also, nineteen discrete frequencies were observed in the frequency range of 186.3 -200. 6 GHz.
The large number of frequencies may be explained by two separate mechanisms. The first is the effect of the slots. Due to the frequency perturbation caused by the slots, a higher density of frequencies occurs as shown in Figure 3 . The second mechanism is frequency pulling due to variation in the magnetic field and cathode voltage. Since the cavity Q has been significantly lowered by the slots, large amounts of frequency pulling are possible.
To explore the types and extent of frequency pulling that occur, the experimental results observed with the small slots cavity, and the large slots cavity, with and without the foil sheath will be compared with those of the unslotted cavity. To accomplish this, the frequency data of each experiment is plotted as a function of magnetic field in where w, = eB,/nm is the nonrelativistic cyclotron frequency, W is the RF frequency, k 1 j, = 2/Luff is the component of the wave number parallel to the main magnetic field (if a Gaussian RF profile is assumed) and Leff is the effective interaction length.
One can see that as v 1 , 1 increases the resonant frequency increases, since all the other quantities remain constant. Therefore, the observed increase in frequency at higher cathode magnetic fields is a result of an increase in the parallel velocity, voj. To calculate the change in detuning due to pitch angle tuning, the variation in magnetic field at the cathode, ABk, must be related to the change produced in the parallel velocity, AvV 11 .
Using equation 6, the relation is given by GHz. However, the frequency tuning for this mode may be larger than 0. 17 GHz, since a detailed study was not conducted on this mode and the data points were at beam currents ranging from 1.7 to 6.5 Amps. Frequency pulling predicted by nonlinear theory is smaller than that predicted by linear theory and may also account for the observed result. Figure 6 shows the data for the small slots cavity. The modes at 190.3 GHz and 152.5 GHz show some change in frequency due to variation of the main magnetic field.
In the mode at 190 GHz, a frequency variation of 0.082 GHz can be observed. We believe that this indicates a high Q mode. However, only a limited study was conducted of this mode. The data points were taken at beam currents between 2.0 to 5.0 Amps.
The results in Figure 6 are mainly of interest in a qualitative analysis. The mode frequencies and Q of the resonator for this case were not calculated. However, the experimental results for the frequency tuning characteristics of this resonator are similar to those of a conventional resonator, as shown in Figure 5 , and are unlike those of a slotted resonator with a foil sheath, as shown in Figure 8 and discussed below. The results in Figure 7 show frequency tuning for the case of large slots. In general, there are a larger number of frequencies in this case. Frequency tuning or pulling is observed both by varying the main magnetic field as well as at constant magnetic field by varying the field at the cathode.
When the foil sheath is used (Figure 8 Figure 8 shows a surprising result. A high density of frequencies was observed due to a large amounts of frequency pulling at a fixed value of magnetic field. In some cases the change in frequency was as large as 3 GHz. In comparison, the unslotted cavity case ( Figure   5 ) has only a frequency variation of 0.17 GHz, and therefore fewer frequencies. Also the frequency pulling in the unslotted cavity is only caused by variations of the main magnetic field. That is, the tuning curves in Figure 5 are horizontal while those in Figure 8 are vertical. The large amount of frequency variation in the large slots cavity with a foil sheath requires a low cavity Q, which is quite possible in this case, since large slots were cut in the cavity walls. However. due to the difficulty of the Q measurement in a low Q cavity, the Q was never measured. Additionally, the presence of higher order axial modes (q = 2,3) could account in part for the large amomnt of frequency tuning.
If the cavity Q is low enough, the possible ranges of frequency for the q = 1,2,3 modes can overlap and form a continuous tuning curve 1 8 .
The change in frequency at constant magnetic field, may be explained by two different mechanisms: mode hopping and frequency pulling due to pitch angle tuning. For the variation of magnetic field at the cathode during the frequency tuning at a fixed value of main field, we have estimated the change in frequency due to frequency pulling by pitch angle tuning using adiabatic theory and equations 8b and 12. Equation 8b is used to calculate the change in v 11 , which is used in equation 12 to calculate the frequency pulling, Aw. These equations predict a frequency pulling of 0.9 GHz for a Gaussian axial 
100.
Since no mode identification measurements were made, it is not possible to prove that only one mode was present during the tuning at a fixed value of magnetic field.
Mode hopping between higher order axial modes or different transverse modes may be responsible for some of the frequency variation, especially in the set of frequencies near 8 Tesla, which represent a 10 GHz tuning range and cannot-be explained by pitch angle tuning.
CONCLUSIONS
We have investigated cavities with axial slots cut along the straight section of the cavity at positions where the RF field of the second harmonic mode has a minimum. In this manner, the fundamental modes were predicted to be weakened, without perturbing the second harmonic design mode. Initially, small slots were cut. The fundamental modes were weakened, but no second harmonic emission was observed. The next step was to choose a mode that allowed the slots to be cut larger, so as to further weaken the fundamental modes. Again, no second harmonic modes were observed and it was suspected that the harmonic modes were also leaking out of the slots. To reduce the second harmonic leakage, a foil sheath was wrapped around the outside of the straight section. Even with the foil sheath no second harmonic modes were observed. The absence of second harmonic modes may have resulted from the fact that cutting slots in the cavity wall can drastically reduce the Q of the cavity for the second harmonic modes and cause their starting currents to increase. Nevertheless, the foil sheath did have an interesting effect on the fundamental modes, since a higher density of modes was observed than would be predicted for a cavity without slots. The presence of a higher density of modes shows that the gyrotron has the potential to be developed as a tunable source for applications such as spectroscopy. The higher density of modes may be explained by two effects. First, when the foil sheath is used, the large slots cavity resembles a vaned resonator configuration, which has a higher density of modes than an unslotted cavity, primarily due to an increase in effective cavity diameter. Secondly, these frequencies could have been further changed by mode hopping and frequency pulling due to variation of the main magnetic field and pitch angle tuning. Magnetic Field (Tesla) Figure 6 Frequency data for the small slots cavity. Magnetic Field (Tesla) Figure 7 Frequency data for the large slots cavity with no foil sheath. 
